Quasiparticle tunneling into high-T-c Mercury-cuprate superconductors: Effects of d(x2-y2) order parameter symmetry and a two-dimensional van Hove singularity by Wei, J.Y.T. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/28819
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
CHINESE JOURNAL OF PHYSICS VOL. 34, NO. 2-U APRIL 1996
Quasiparticle Tunneling into High-T, Mercury-Cuprate_ _
Superconductors: Effects of &I+ Order Parameter Symmetry and a
Two-Dimensional van Hove Singularityt
J. Y. T. 1\ei,  P. J. M. van Bentum2, M. Rupp3, A. Gupta3, Q. Xiong4,
C. C. Tsuei3, C. W. Chu4, and M. K. WU*~
’ Depi. of  Applied Physics,  Columbia University,  New York,  NY, U.S.A.
Reseaxh  Inst. for Mafenals,  University of hijmegen, The Netherlands
31BM T. J. Iioison Reseaxh Cenier,  Y o r k t o w n  H e i g h t s ,  .4Y  1 0 5 9 8 ,  U . S . A .
4 Tezas Cenfer  for Superconductlvlty,  University of  Houston,  TX 77204,  U.S.A.
Maten.als  Science Center and Dept.  of  Physics , National Tsing Hua Universi iy,
Hs inchu ,  Taawan  300,  R.O.C.
(Received September 1, 1995)
Quasipart ic le  tunnel ing measurements  of  the h igh-T,  superconductors
HgiBa2Can-rCunO?n+~+6 (n =  1,2,3)are considered in the context of d,~_.~zsym-
metry of the superconducting orderparameter and a 2-D van Hove singularity related
to saddle-points in the bandstructure. \Ve present tunneling spectra taken with a low-
temperature scanning tunneling microscope on Hg-1212 epitaxial films and on polycrys-
talline Hg-1201 and Hg-1223. The data is analyzed \vith elastic tunneling formalism,
using the nodal gap-function Cl(k) = an(cos kr - cos ky)/2 and the 2D electronic dis-
persion E(k) = -2r(cos kz + cos ky) + 4f(cos  kz cos ky). Our analysis accounts for all
the generic spectral features: Gap-anisotropy introduces spectral smearing. Breakdown
of the 1VKB-approximation ear band extrema gives rise to a quasi-linear conductance
background. Doping-dependence and next-nearest-neighbor interaction produce spec-
tral asymmetry. Low c-axis dispersion enables enhancement of the spectral peaks by
the van Hove singularity.
PACS. 74.5O.+r - Proximity effects, weak links, tunneling phenomena, and Josephson
effects.
Quasiparticletunneling has remained a puzzling aspect of the high-ir, cuprate su-
perconductors. Experimentally, a wide variety of spectra has been reported [l-4], ty ically
deviating from ideal BCS behavior. Theoretically, there has been little success to explain
these spectra in terms of features generic to the cuprates. The new family of Mercury-
cuprate superconductors HgrBa2C~_1Cu,0Zn+2+~ (Hg-12(n-l)n) with n = 1,2,3..., offers
an exemplary system to study this problem, by virtue of their tetragonal structure, two-
dimensional characteristics and low lattice-mismatch (j-71.
r Refereed version of the contributed paper presented at the 1995 Taiwan International Conference
on Superconductivity, August 8-11, 1995, Hualien, Taiwan, R.O.C.
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. _ High-quality samples of Hg-1201, Hg-1212 and Hg-1223 were used in our euper -
ment. Polycrystalline samples of Hg-1201 and Hg-1223, synthesiied by a sealed-quartz-tube
method, had TCs  of - 97 K and - 135 K respectively [8]. Epita.xial C-X&  films of Hg-1212,
made by laser-ablation on SrTiOs substrates, showed sharp transitions at - 12: K [9].
Tunneling measurements were carried out with a cryogenic scanning tunneling microscope
at 5 K in helium exchange-gas. Details of the measurement apparatus and technique will
be published elseivhere (lo]. Tunneling spectra were taken in point-contact mode, Cth a
platinum tip as counter-electrode. Junction resistance was typically - 10 MR.
Tunneling conductance dI/dV spectra showing distinct gap-features are presented in
Fig. 1. Positive voltage here means positive sample bias relative to the tip. Pronounced
spectral peaks are seen at - f33, rt50 and 1b75 meV, respectively for Hg-1201, Hg-1212 and
Hg-1223. These peaks are asymmetric in height and show considerable broadening down
to very low zero-bias conductances. Quasi-linear backgrounds e.tist in each of the spectra!
generally asymmetric in slope about zero-bias.
The tunneling datais analyzed with the nodal d-wave gap-function A(k) = Ae(coskz-
cos ky)/2 and the 2D tight-binding dispersion E(k)  = -_&(31 cos kzj cos ky)+41(  COS kz cos ky)
near half-filling. These starting assumptions are justified on both experimentand theo-
retical grounds [ll-151. Our analysis uses planar-junction formalism for elastic and specular
tunneling [16]. At zero-temperature, the tunneling current is given by:
I(V) = I/ d2kt i,  dEJZ&D(E,)
where t and 1 indicate directions transverse and longitudinal to the junction, and
El = E - h2k;/2m
The matrix element D(El)  = gee2 _fKd’ represents transmission through a square barrier:
i.e.
and wavevector-matching across the normal-insulator-superconductor junction, i.e.
16qK2k
’ = (q2 + K)(K”  + k)
For a simple isotropic dispersion, the integral over kt matters little because D(El)
falls off rapidly with kt and tunneling is collimated within a narrow momentum-cone [li].
The prefactor g can also be set to unity by invoking the WKB-approximation (181, which
is valid for junction interfaces not  too sharp compared with the Fermi wavelength. There-
fore, tunneling should be quite insensitive to the bandstructure, and only the quasiparticle
density-of-states [El/J- is expected to show up in the dl/dV  spectra.
For the highly anisotropic cuprates, however, both the k,-integral and the prefactor
g are important because of the following possibilities:
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FIG. 1. berimental tunneling conductance spectra taken with an STM at 5 K. (a) Polycrystalline
L:-1201. (b) Epitaxial Hg-1212 film. (c) Polycrystalline Hg-1223. These are representative
<spectra Lvhich show distinct gap-features, with pronounced peaks at - &33,1!z50 and i73
EEL,  respecti\-ely. Positive voltage means positive sample bias relative to the tip. Junction
r&stance is typically 10 hlR.
(i)The tunneling cone flattens out if the final-state has no longitudinal dispersion
(191.
(2)Phe WKB approximation breaks down near- band extrema [20], where the wavevec-
tor k EI? therefore the prefactor g are effectively suppressed (221.
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FIG. 2.
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Calculated tunneling conductance spectra (in arbitrary units of dl/dV), from the model
described in the text. (a) For the a-axis junction. (b) For the c-axis junction. The following
parameters were used: 1 = 125 meV, t’ = 30 meV, a0 = 25 meV, d = 0.1 nm, W = 5 eV,
EJ = 500 meV for the cuprate and 5 eV for the metal. A small lifetime parameter I = 2
meV wbs introduced, via E + E + X, to account for the zero-bias conductance. Slight
overdoping (5 meV away from half-filling) produced considerable spectral asymmetry.
In our model, these possibilities are exemplified by c-axis and a-axis tunneling, i.e.
with the junction perpendicular to the c-axis and a-axis,respectively. The first caSe is
reminiscent of tunneling into Landau levels of electronic states localized on a semiconductor
surface [21], which fully manifests the transverse 2D bandstructure. The second case has
been considered theoretically by van Bentum and Tsuei for an s-wave cuprate [22],
demonstrating that wavevector-suppression near saddle-points in the band-structure gives
a quasi-linear weighting to the tunneling conductance. Our model combines these prior
works and extends the latter to a d-wave cuprate superconductor.
Examples of our model calculations are shown in Fig. 2. Fig. 2a gives the conductance
spectrum for a quasi-planar a-axis junction, i.e. with the k,-integral limited within a &r/4
cone to mimic a realistic tip-to-plane geometry [22]. Fig. 2b gives the spectrum for a
similar c-axis junction. As expected, a-axis tunneling shows suppressed gap-features and
a quasi-linear background as a result of the WKB-breakdown near saddle-points in the
E(lc) [22]. In contrast, c-axis tunneling looks more BCS-like, as the spectral peaks are
enhanced by the transverse bandstructure in the form of a 2D van Hove singularity (vHs)
near the Fermi energy. In each case, d-wave gap-symmetry introduces spectral smearing
quite naturally, without the need for large broadening parameters. Spectral asymmetry
follows directly from the bandstructure, by moving the Fermi surface away from the vHs
(doping off half-filling) or away from perfect nesting (through the next-nearest-neighbor
interaction 1) .(22].
Qualitatively speaking, each of the measured tunneling spectra shown in Fig: 1 can
be described as some superposition of the a-axis and c-axis models shown in Fig. 2. Such a
superposition is justified for point-contact tunneling, especially in the case of polycry talline
samples where the exact junction orientation and geometry are not known. Our tunneling
model quite reasonably reproduces all the generic features observed in the spectra: gap-edge
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smearing, quasi-linear conductance profile, enhancement of the spectral peaks and overall
spectral asymmetry. Detailed spectral fitting involves finely tuning the model parameters.
Fitting results for the energy-gap A0 and implications of the gap-size will be the focus of
an upcoming paper (231.
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